Abstract
1 , and driving global nutrient cycles 2, 3 . However, a foundational 24 understanding of microbial communities in rivers is lacking 4 , especially temporally and for viruses [5] [6] [7] . No 25 studies to date have examined the composition of the free-floating river virome over time, and 26 explanations of the underlying causes of spatial and temporal changes in riverine microbial composition, 27 especially for viruses, remain unexplored. Here, we report relationships among riverine microbial 28 communities and their environment across time, space, and superkingdoms (viruses, bacteria, and 29 microeukaryotes), using metagenomics and marker-based microbiome analysis methods. We found that 30 many superkingdom pairs were synchronous and had consistent shifts with sudden environmental change. 31
However, synchrony strength, and relationships with environmental conditions, varied across space and 32 superkingdoms. Variable relationships were observed with seasonal indicators and chemical conditions 33 previously found to be predictive of bacterial community composition 4, [8] [9] [10] , emphasizing the complexity 34 of riverine ecosystems and raising questions around the generalisability of single-site and bacteria-only 35 studies. In this first study of riverine viromes over time, DNA viral communities were stably distinct 36 between sites, suggesting the similarity in riverine bacteria across significant geographic distances 10-12 37 does not extend to viruses, and synchrony was surprisingly observed between DNA and RNA viromes.
38
This work provides foundational data for riverine microbial dynamics in the context of environmental and 39 chemical conditions and illustrates how a bacteria-only or single-site approach would lead to an incorrect 40 description of microbial dynamics. We show how more holistic microbial community analysis, including 41 viruses, is necessary to gain a more accurate and deeper understanding of microbial community dynamics. 42
43
Bacterial diversity and composition in rivers is shaped by water temperature, day length, pH 10 
81
Across superkingdoms, hours of daylight and rainfall intensity were the most commonly 82 correlated with community composition (Figure 1 c, d ). This pattern was particularly strong Points are coloured by the average rainfall over the three days prior to sampling. N= 13. b, Box plot of similarity between microbial communities collected in subsequent months, coloured by whether both sampling dates had low rainfall (yellow) or whether the earlier date was dry but later date had elevated rainfall (blue). N = 6 for bacteria and RNA viruses, N= 5 for DNA viruses.
115
Unexpectedly, DNA and RNA viral community compositions were synchronous in some sites , either across all sites (black square) or pairwise between sites (boxplots). In boxplots, the lower and upper box edges correspond to the first and third quartiles, the whiskers extend to the highest and lowest values that are within 1.5 times the inter-quartile range, and data beyond this limit are plotted as points.
137
While sampling site was a significant source of variation for all microbial groups, DNA viromes reveals that viruses have a more distinct geographic pattern.
153
The higher geographic specificity of viruses observed here could reflect higher geographic 154 specificity of host cells not sampled in this study, such as particle-associated plankton, riverbed Units (OTUs) were generated from reads with the same primer sequence.
220
T4-like myovirus g23 amplicons reads were translated into amino acid sequences using
221
Fraggenescan v1.16 with the Illumina 5% error model (Rho, Tang, and Ye 2010). OTUs were 222 generated using USEARCH 42 v7: sequences were dereplicated, clustered at 95% identity, then all 223 reads were mapped back against cluster representatives to calculate abundances. Sample read 224 totals were subsampled to 10,000 reads using the vegan package 43 in R 44 v3.1.2. Random 225 resampling was performed 10,000 times and the median value of all iterations was chosen.
226
Bacterial 16S and microeukaryotic 18S OTUs were generated from amplicon reads using the 
260
To remove potential bacterial contamination from the DNA and RNA viromes, subsets of the 261 read data were generated that only included sequences from protein clusters with at least one 262 member that was assigned as coming from DNA or RNA viruses, respectively. This reduced the 263 number of reads per sample from 515,000 in the "total" dataset to 10,000 in the "conservative" 
274
Collapsed values were only used for display and not for any statistical tests.
275
Due to the small number of reads in the conservative RNA virus dataset, we investigated whether 276 this depth was enough to obtain a stable representation of the communities. We randomly 277 selected 1,000 reads ten times per sample from 68 samples which had at least 10,000 reads in the 278 conservative RNA virus dataset. We ran Mash on these subsamples and calculated the pairwise
279
Mantel correlations between the resultant dissimilarity matrices. All matrices had correlation otherwise.
288
The proportion of variability among sample similarities that could be explained by sampling site 
